INTRODUCTION
In the past, criticality safety analyses for spent fuel storage and transport canisters 1, 2 assumed the spent fuel to be fresh (unburned) fuel with uniform isotopics corresponding to the maximum allowable enrichment. This "fresh-fuel assumption" provides a well-defined, bounding approach to the criticality safety analysis that eliminates all concerns related to the fuel operating history, thus, considerably simplifying the analysis. However, because this assumption ignores the decrease in reactivity as a result of irradiation, it is very conservative for fuel with significant burnup. The concept of taking credit for the reduction in reactivity due to fuel burnup is commonly referred to as burnup credit.
In contrast to criticality safety analyses that employ the fresh-fuel assumption, the utilization of credit for fuel burnup necessitates consideration of the fuel operating history, including the axial burnup distribution. Numerous studies have been performed to investigate and quantify the reactivity effect of axial burnup distributions. [3] [4] [5] [6] [7] [8] [9] [10] In general, these studies have shown that assuming a uniform axial distribution is conservative for low burnups, but becomes increasingly nonconservative as burnup increases. Hence to ensure that criticality safety margins are maintained, the reactivity effect of the axial burnup distribution must be addressed in a comprehensive and conservative manner. This report reviews the axial burnup distribution considerations important to burnup credit criticality safety calculations for pressurized-water reactor (PWR) fuel. Specifically, this report attempts to summarize current knowledge on the topic and identify areas that could benefit from further efforts. No new analyses are presented in this report. Even though axial burnup distributions also impact burnup credit thermal evaluations, this topic is outside the scope of this report, and therefore, is not addressed. Unless specifically stated otherwise, all discussions relate to PWR fuel with uniform axial enrichment.
Note that this report is intended to document the current knowledge and status of axial burnup distribution considerations important to burnup credit calculations. Hopefully, all significant and unique contributions to this topic have been included. However, because there has been considerable work performed in this area, including significant duplication, and there are numerous relevant publication venues, references to all relevant works may not be included.
BACKGROUND

Axial Burnup Distributions
The dynamics of reactor operation result in non-uniform axial-burnup profiles in fuel with any significant burnup. At the beginning of life in a PWR, a near-cosine axial-shaped flux will begin depleting fuel near the axial center of a fuel assembly at a greater rate than at the ends. As the reactor continues to operate, the cosine flux shape will flatten because of the fuel depletion and fission product buildup that occurs near the center. However, because of the high leakage near the end of the fuel, burnup will drop off rapidly near the ends. Partial-length absorbers or non-uniform axial fuel loadings can further complicate the burnup profile. In a boiling-water reactor (BWR), the same phenomena come into play, 11 but the burnup profile is complicated by the significant variation of axial moderator density and by non-uniform axial loadings of burnable poison rods.
The majority of PWR fuel assemblies have similar axial-burnup shapes -relatively flat in the axial mid-section (with peak burnup from 1.1 to 1.2 times the assembly average burnup) and significantly under-burned fuel at the ends (with burnup of 50 to 60% of the assembly average).
12, 13 Figure 1 shows a representative PWR axial burnup distribution. As is typical, the burnup is slightly higher at the bottom of the assembly than at the top. This variation is due to a difference in the moderator density. The cooler (higher density) water at the assembly inlet results in higher reactivity (which subsequently results in higher burnup) than the warmer moderator at the assembly outlet. Assemblies exposed to control rods or axial power shaping rods during their operating history deviate from this "typical" shape, but are not representative of the majority. The axial-burnup shape is dependent on a number of operating characteristics, and thus, significant variations between individual assemblies exist. Because the burnup shape has a strong influence on reactivity, these variations are important to criticality safety, and therefore, must be addressed. Distance from Bottom of Assembly (cm)
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Definition of "End Effect"
Under the fresh fuel assumption, the fuel composition is assumed to be uniformly distributed along the length of the assembly. The accumulated burnup for a spent fuel assembly is typically available (from plant data) in terms of an estimate of the axially averaged burnup. Although it is possible (and simpler) to calculate isotopic concentrations for the average burnup and assume that the material is uniformly distributed along the length of the assembly, this does not represent the actual burnup profile that exists in a spent fuel assembly. To accurately calculate the reactivity of spent fuel, the calculational model must include the axial distribution. Inclusion of the axial distribution can be done by axially segmenting the calculational model to approximate the axially varying isotopic concentrations, which correspond to the burnup in each axial segment. Although this representation of the axial burnup distribution is more accurate, it requires considerably more effort: additional depletion calculations (one for each axial segment of differing burnup) and complication of the criticality models.
Studies have shown that the value of k eff calculated assuming a uniform axial distribution is conservative for low burnups, but becomes increasingly nonconservative as burnup increases. [3] [4] [5] [6] [7] [8] [9] [10] [14] [15] [16] The transition between conservatism and nonconservatism depends on several factors, including the initial enrichment of the fuel, the cooling time considered, and the nuclides that are included in the criticality model, and appears to be strongly affected by fission product inventories. 9, 15 When assuming an axially uniform distribution of isotopics, the most reactive region of a fuel assembly is at the axial mid-plane, because leakage increases as one moves away from the center. In reality, the most reactive region of spent fuel is toward the assembly ends, where there exists a balance between reactivity due to lower burnup and increased leakage due to closer proximity to the fuel ends. 4, 6 The reactivity difference between analyses with explicit representation of the axial burnup distribution and analyses that assume uniform axial burnup has become commonly known as the "end effect." 4, 14, 17 For low burnups (i.e., below ~ 20 GWd/MTU), the fission density peaks at or near the axial center of the fuel. At this point, the decrease in reactivity with burnup is primarily driven by fuel depletion (i.e., a net reduction in fissile nuclides). At low burnup, the uniform axial burnup approximation distributes the burnup uniformly along the length of the fuel, which artificially decreases the fuel depletion at the center (where the fission density is greatest and effects due to leakage are significant) and increases the fuel depletion near the ends (away from the peak fission density). The artificial decrease in depletion in the region where the fission density is greatest causes a net increase in reactivity. As a result, the assumption of uniform axial burnup is more reactive for low burnups.
As burnup increases, the decrease in reactivity in the highly burned axial center results in a spatial shift in the peak fission density from the center toward the ends, where the burnup is substantially less. Thus, for high-burnup spent fuel in a storage or transport cask, the fission density is greatest in the low-burnup end regions. In contrast, the uniform axial burnup approximation artificially distributes the average burnup along the length of the fuel, which results in a peak fission density at the center, where the burnup has been artificially reduced (to the average). However, in reality (at high burnup) the fission density peaks near the ends where the burnup is significantly less than the average. The latter situation is more reactive, and therefore, the assumption of uniform axial burnup is less reactive for high burnups.
Regulatory Perspective
In the past, credit for fuel burnup was prohibited in criticality safety analyses for spent fuel storage and transport canisters.
1, 2 Criticality safety analyses necessarily assumed the fuel to be fresh (unburned) with uniform axial isotopics corresponding to the maximum allowable enrichment. Therefore, consideration of the axial distribution of burnup was not relevant to the analyses. Recently, however, an NRC staff guidance 18 has been issued which permits partial credit for burnup in PWR fuel. In contrast to criticality safety analyses that do not credit fuel burnup, the utilization of credit for fuel burnup necessitates consideration of axial burnup distributions. In fact, ref. 18 states, "Of particular concern should be the need to account for the axial and horizontal variation of the burnup…"
In anticipation of regulatory acceptance of burnup credit for storage and transport canisters, and to address the issue of burnup credit in spent fuel pools where burnup credit has been allowed for some time, 19 , 20 numerous studies 6-9, 16, 21 have been performed to quantify the reactivity effect of axial burnup distributions. However, to ensure criticality safety margins are maintained, the positive end effect must be addressed in a comprehensive and conservative manner. 
REVIEW OF CURRENT KNOWLEDGE AND STATUS
REACTIVITY EFFECT OF THE AXIAL BURNUP DISTRIBUTION
Axial variations in flux, which are mainly due to leakage at the fuel ends, result in a non-uniform burnup distribution along the axial length of the fuel. The axial distribution is characterized by end regions that are significantly under-burned with respect to the assembly-average burnup. The shape of the distribution is dependent upon the accumulated burnup, as well as other characteristics of the assembly operating history. For fuels of moderate-to-high burnup (i.e., burnups beyond approximately 20 to 30 GWd/MTU), these under-burned regions are dominant in terms of reactivity, and thus, must be properly represented to ensure criticality safety. 3, 4, 5 In other words, for moderate-to-high burnups, analyses assuming uniform axial burnup underestimate reactivity.
Numerous studies have been performed to quantify the end effect associated with axial burnup distributions. 6-9, 16, 21 In general, these studies have shown that assuming uniform axial burnup is conservative for low burnups, but becomes increasingly nonconservative as burnup increases. The transition between conservative and nonconservative is dependent on numerous factors, but generally occurs in the burnup range of 20 to 30 GWd/MTU. These studies concluded that for fuels of moderate-to-high burnup, the reactivity difference between analyses with explicit representation of the axial burnup distribution and analyses that assume uniform axial burnup is positive. As a very approximate rule-of-thumb, the effect is of the order of 1% ∆k/10 GWd/MTU for burnups beyond the transition point. However, the amount by which the axial burnup distribution increases reactivity has been shown to be dependent upon many factors. The dependencies of the end effect on various important factors are discussed individually below.
Burnup-Profile Dependence
Neutron multiplication is driven by the production and loss of neutrons. In a finite system, such as a spent fuel cask, the peak neutron multiplication occurs at a location where neutron production is maximized while loss is simultaneously minimized. In fresh fuel, this peak occurs near the axial center. In spent fuel, the peak occurs away from the axial center, toward one or both ends of the fuel. At the axial center, production is diminished because of fuel depletion, and the loss is enhanced due to the burned-in presence of actinide and fission product absorbers. Moving away from the axial center, production increases as burnup decreases. However, leakage also increases as one moves toward the ends of the fuel. The most reactive region of the fuel, therefore, corresponds to a location near enough to the ends to take advantage of the less-burned and less-poisoned fuel, but far enough from the ends that leakage is reduced. This point in an assembly is strongly dependent on the ratio of burnup between the center and the ends, and thus is strongly dependent on the burnup shape or profile. Further, the end effect is dependent on the relative burnup at which this most reactive region occurs. Therefore, the magnitude of the end effect is primarily dependent on the slope of the axial-burnup profile near the ends of the fuel.
Holding all other variables constant, variation in a selected burnup profile can result in differences of several percent in the calculated reactivity of a spent fuel assembly. 4, 6, 10 Consequently, a great deal of effort has been spent on investigating the reactivity effect of variations in the axial profiles, compiling actual axial-burnup profiles 12, 13 and identifying and developing axial-burnup profiles that result in the greatest end effect. 6, 10 The accumulation of actual burnup profiles is discussed in Sect. 2.3, and the determination of bounding axial profiles is summarized in Sect. 2.4.
Burnup Dependence
In the absence of integral absorbers, the reactivity decreases nearly linearly with burnup. A typical axial burnup distribution is given in Fig. 1 , which shows a maximum-to-average burnup of approximately 1.1 and a minimum burnup equal to approximately 50% of the average. The important point here is that the minimum burnup increases at a slower rate (approximately half) than the average burnup. As an example, if the average burnup increases by 30 GWd/MTU, the minimum burnup will increase by only 15 GWd/MTU. Therefore, while the ratio of minimum-to-average burnup remains constant, the difference between the two increases with accumulated burnup. This increase in the differential between minimum and average burnup is particularly important because the reactivity of a spent fuel assembly is controlled by the minimum burnup regions near the ends. In other words, because the reactivity decreases approximately linearly with burnup, the reactivity associated with the average burnup decreases faster than the reactivity associated with the minimum burnup. Consequently, the end effect increases with increasing burnup. 
Cooling-Time Dependence
Calculations performed by various organizations demonstrate that the end effect increases with cooling time. 8, 15 The buildup of stable actinide and fission product absorbers, due to the decay of actinides and fission products, tends to reduce reactivity. However, because the concentration of actinides and fission products is much greater in the fuel mid-region than in the fuel ends, this tends to increase the relative reactivity of the fuel ends compared with the fuel mid-region and results in an increase in the end effect. For cooling times of interest to transport and dry cask storage, ref. 22 indicates that only a few nuclides change significantly with cooling time. The buildup of 155 Gd and 147 Sm from other nonabsorbing fission products and the decay of 241 Pu (14.4 y half-life) to 241 Am contribute to the decrease in reactivity with increasing cooling time.
Additionally, DeHart 16 has shown that increasing the cooling time results in a decrease in the transition point (i.e., the point in burnup at which the end effect becomes positive).
Initial-Enrichment Dependence
Although a relatively small effect, the transition point has been shown to increase with increasing initial enrichment. 16 Consistent with this finding, Parish 10 and Brady 14 have observed larger end effects with lower initial enrichments. Although no detailed comparisons with varying initial enrichments were found in the literature, it appears that the end effect increases with decreasing initial enrichment. However, this conclusion is contrary to observations in refs. 23 and 24, and therefore, the dependence of the end effect on initial enrichment should be investigated systematically.
Individual Effect of Actinides and Fission Products
A number of studies 6, 9, 16 have been performed to isolate the individual influences of the actinides and fission products on the end effect. These studies have generally concluded that the positive reactivity effect exists in the absence of fission products, but that the fission products contribute substantially to the effect. In addition, fission products are shown to significantly influence other dependencies, (e.g., increase the cooling time and burnup dependencies). Because the fission product concentration is greatest in the mid-region of spent fuel, the inclusion of fission products increases the difference in reactivity between the mid-region and the fuel ends. Further, the fission product absorption worth increases with burnup.
Although discussions related to the determination of bounding axial-burnup profiles are deferred to Sect. 2.4, note here that Kang and Lancaster 8 have concluded that the limiting axial-burnup profiles identified in a bounding analysis, which included actinides and fission products, 10 were also valid for the actinide-only condition. However, because this later actinideonly ranking analysis was based on a comparison of relatively few axial-burnup profiles, further analysis may be required to fully justify this conclusion.
Operating-History Dependence
Many characteristics of the operating history impact the end effect. These characteristics include: the axial power and temperature distributions, the soluble boron concentration, and the control rod and/or burnable poison rod presence. These characteristics affect the discharge axial-burnup shape and the accumulation of actinides and fission products, which naturally impact the end effect. These characteristics may be accounted for through the use of bounding depletion parameters and bounding axial-burnup profiles.
Fuel-Design Dependence
All of the discussions in this report assume that the fuel assembly has uniform axial initial enrichment. Considering that most PWR fuel assembly designs utilize axially uniform enrichment, this is generally a valid assumption. However, there are a number of PWR fuel assembly designs that employ low-enrichment regions at the fuel ends. These regions typically correspond to the top and bottom 6 in. (15.24 cm) of the fuel assembly, contain either low-enrichment (e.g., 2.6 wt % 235 U) or natural uranium, and are referred to as "axial blankets." As a result of the axial blankets, these assemblies exhibit significantly different axial burnup distributions, which result in significantly reduced end effects. However, rather than developing a separate set of axial-burnup shapes for these assemblies designs, the axial blankets are currently ignored. 8 This is a conservative approach that penalizes these axially heterogeneous designs for the sake of simplicity. Future consideration should be given to specifically address these designs to eliminate or reduce this penalty.
AXIAL MODELING CONSIDERATIONS
In this section, issues associated with modeling the axial burnup distribution are discussed.
Profile Discretization
Given an appropriate bounding axial burnup distribution, which will be generally defined by 18-to-24 axial segments with constant burnup in each segment, 13 explicit calculations may be performed to determine the end effect. Specifically, a depletion calculation may be performed for each axial segment to determine the isotopic composition (18 to 24 depletion calculations), followed by a three-dimensional criticality calculation that includes the axial isotopic variation. In this approach, each of the axial segments or zones is treated independently (i.e., no spatial variation of depletion within an axial zone and no coupling between zones) in the depletion analysis. Recognizing that the axial-burnup profile is relatively flat in the fuel mid-section, analysts 4, 6, 7 have shown that the number of axial segments used to represent the axial profile may be reduced without introducing error. In particular, the axial segments or zones where the axial burnup does not vary significantly may be combined. This reduction in the total number of axial segments modeled reduces the number of depletion calculations required, and consequently, simplifies the analysis. For a typical PWR axial-burnup profile, DeHart 7 concludes that approximately seven axial nodes are sufficient to capture the end effect.
Another issue of concern related to modeling the burnup profile is the proper representation of the rather large burnup slope near the ends of the fuel. In particular, the question arises as to whether the histogram representation associated with 18-to-24 axial regions is acceptable. To resolve this issue, DeHart 6 has investigated the effect of increasing the number of axial regions (up to 100 uniform zones) and shown such efforts to be unnecessary.
Although the active fuel region in PWR fuel designs are approximately 12 ft (365.76 cm) in length, variations do exist. Therefore, when applying an axial-burnup profile, which is generally given as a percentage of axial height, to different fuel lengths, the length of each axial segment or zone is affected, and in the case of a longer fuel assembly, the length of each zone is increased. Physically, this results in an artificial change in the slope of the burnup profile. This is an artifact of the use of axial-burnup profiles based on a fixed number of zones that are independent of fuel length. While it may be fairly obvious, it is noted here for completeness that the end effect increases as the fuel length increases. 8 Axial modeling approximations made to-date are based on studies performed for limiting profiles derived from the PWR database. 6, 7, 10 Expansion of the PWR database and/or the development of a new burnup profile database may require revised axial zoning studies to define the optimum number of zones for any revised form of axial-burnup profiles.
In terms of regulatory analyses, two general approaches have been proposed to bound the end effect. The first approach is to use the bounding axial-burnup profile in all calculations. This straightforward approach can be easily justified (once the bounding profile is established), but it requires significant computational effort in terms of depletion calculations and complications in the criticality models. The second approach is to determine the maximum positive reactivity effect (penalty) associated with the bounding axial-burnup profile and apply this penalty to all subsequent analyses, which assume a uniform axial burnup. The latter approach has significant advantages in terms of calculational simplicity, but is somewhat more difficult to justify as bounding for all potential configurations. Further, because the reactivity penalty will be determined and justified to be bounding for a number of configurations, it may also result in excess conservatism. Although both approaches have merits, it is likely that the first approach will find greater application because it is more easily justified.
Monte Carlo Source Convergence
Very early in the application of the Monte Carlo method for criticality safety calculations, difficulties were expected and observed for problems involving multiple source regions. 25 The difficulty is associated with the potential failure of the calculation to converge the source to the fundamental source mode and may result in an underestimation of the multiplication factor. Because the axial-burnup model is dominated by low-burnup (source) regions near the fuel ends, separated by high-burnup fuel, the question of potential source convergence problems must be addressed.
Analyses have been performed 6, 9 to investigate this and other issues associated with the use of the Monte Carlo method for criticality calculations including the axial burnup distribution. The work has shown that, provided an appropriately large number of neutron histories are considered to guarantee that the problem domain has been adequately sampled, the solution for the neutron multiplication factor will properly converge.
This issue of fission source convergence has also been considered in ref. 9 , which showed that convergence problems become important for configurations with distributed burnup profiles. Specific analyses by Mitake and Osamu 9 showed that problems persisted when using too few histories per generation (300), regardless of increases in the total number of generations. However, the problems could be overcome through the use of sufficient histories per generation. Nevertheless, ref. 7 concludes that additional studies are needed to investigate this problem of convergence in more detail.
End Reflector/Boundary Conditions
Calculations performed in refs. 6 and 7 were based on simple axial models with a fixed set of boundary conditions. Because spent fuel reactivity is a function of both the burnup distribution and axial leakage, the boundary conditions (i.e., assembly or cask conditions at the end of the fuel) affect the end effect. In ref. 8 , analyses are presented for various axial reflector assumptions, including pure water, 50/50 water and stainless steel combination, and a few specific cask designs. The behavior and magnitude of the end effect is shown to be dependent upon the axial materials and the cask size; maximums are observed for pure-water reflection and minimum cask size (i.e., a single assembly).
When using a bounding axial-burnup profile for all calculations, the dependency on the reflector materials is of no concern -they are inherently included in the cask model. However, to justify the use of a constant burnup penalty, as required in the second approach described in Sect. 2.2.1, it is necessary to determine a limiting cask configuration such that the end effect is bounded.
Regardless of the approach taken, the results in ref. 8 raise questions regarding the role of reflector materials in determining bounding axial profiles and the development of appropriate axial modeling approximations. Future work should study the impact of extreme boundary conditions (i.e., highly reflective, high leakage, or partially uncovered by poisons) on the determination of bounding profiles and axial zoning model nodalization.
AXIAL-BURNUP PROFILE DATABASES
The magnitude of the end effect is primarily dependent on the actual axial-burnup profile. However, in practice, the actual axial-burnup profile of each spent fuel assembly is not known. In general, only the assembly-average discharge burnup is known. Thus, to be conservative, one must identify an axial-burnup profile that is limiting in terms of the value of k eff , and yet realistic to the extent that it is not overly conservative, and thus, unnecessarily penalizing.
Naturally, the first step in addressing the variation in burnup shapes is to accumulate actual burnup distributions and assess the diversity of shapes. To this end, a database containing 3169 PWR axial burnup distributions has been compiled. 13 This database, which is the most comprehensive to date, includes profiles from three fuel vendors (Babcock & Wilcox, Combustion Engineering, and Westinghouse) through the mid 1990s, four fuel array sizes (14×14, 15×15, 16×16, and 17×17), a burnup range of 3 to 53.3 GWd/MTU, an enrichment range of 1.24 to 4.75 wt % 235 U, and represents 106 operating cycles. The fuel designs also contain a variety of absorbers. The profiles consist of burnups calculated by utilities and vendors for a discrete number (18 to 24) of axial segments based on core-follow calculations and in-core measurement data. Although the profiles are not measured directly, there is significant confidence that the profiles are representative of the actual fuel burnup. 26 With a database such as this, it is possible to quantify the end effect for various shapes, gain understanding into the relationship between the burnup shape and the end effect, and ultimately, determine bounding axial burnup distributions. To date, attempts to bound PWR profiles 10 have been based on the selection of a limited number of burnup-dependent profiles obtained from reactor operational data. 12, 13 To our knowledge, no attempt has been made to define a bounding profile for BWR fuel assemblies due to the lack of a similar burnup database for BWR assemblies Existing databases used to determine a limiting axial-burnup profile, such as that described in ref. 10 , certainly have value in defining conservative profiles. However, the referenced database is limited to older assembly designs for PWR fuel only. If it is desirable to continue to determine bounding axial profiles on actual profiles from a database, then the existing database must be expanded to include a broader variety of fuel designs, especially some of the more recent fuel designs. Furthermore, since control rods, partial-length absorbers, and perhaps even neutron sources can have a significant effect on axial profiles, a decision must be made whether to include or exclude such designs from a database. Finally, provisions must be established to allow exclusion of profiles from a database if shapes are suspect due to known abnormal operating conditions or other considerations.
DETERMINATION OF BOUNDING AXIAL PROFILES
Previous work 6, 8, 10 in determining bounding axial burnup distributions has employed a relatively straightforward approach -perform criticality calculations for each burnup shape to determine the shape that produces the greatest reactivity.
Using the PWR database as a starting point, Parish et al. 10 performed extensive analyses to determine bounding axial-burnup profiles. After excluding a number of burnup shapes for various reasons, the remaining burnup profiles were arranged into 12 burnup groups, each corresponding to a burnup range of ~4 GWd/MTU. One-dimensional diffusion calculations, assuming 35-cm-thick pure-water regions on either end of the fuel, were performed for each profile. Axially varying burnup was included by linear interpolation of 2-group assembly-averaged neutron cross sections, which were generated by CASMO-3. The results of the criticality calculations were used to rank the axial-burnup profiles in terms of their positive reactivity effect, and thus, identify the axial-burnup profiles that result in the greatest end effect.
Note, however, that the calculations for each assembly were performed with the actual assembly profile, initial enrichment and assembly-average discharge burnup. Therefore, the bounding profile evaluation 10 does not completely isolate the effect of the profile from the effects of variations in initial enrichment and discharge burnup. Even though the end effect is not strongly dependent on the initial enrichment and the discharge burnup, which cannot vary significantly with a burnup group (the width of all but two burnup groups is 4 GWd/MTU; see Table 1 ), these variations should not be included. Future evaluations to determine bounding profiles should evaluate the burnup profiles consistently (i.e., at the same initial enrichment and burnup). Based on the calculational results and physical arguments, artificial bounding axial profiles were also defined for the twelve burnup groups. 10 These bounding axial profiles, taken directly from ref. 10 , are listed in Table 1 and plotted in Fig. 2 . The twelve bounding axial-burnup profiles were verified to be bounding through explicit criticality calculations.
Kang and Lancaster 8 expanded that work to address bounding axial burnup distributions for actinide-only applications 21 and to determine an overall bounding burnup distribution. Kang and Lancaster 8 concluded that the limiting axial-burnup profiles identified in a bounding analysis, which included actinides and fission products, 10 were also valid for the actinide-only condition. However, this later actinide-only ranking analysis was based on a comparison of relatively few axial-burnup profiles, and thus, further analysis may be required to fully justify this conclusion. Additionally, bounding axial profiles for only three burnup ranges were defined and suggested for use with the proposed actinide-only burnup credit methodology. 21 For ease of comparison, these proposed profiles are listed in Table 2 and plotted in Fig. 3 .
Although approximations may be made to reduce the number of depletion calculations necessary, the approach described above involves a significant number of depletion calculations followed by a large number of criticality calculations. These calculations involve a substantial amount of effort, which must be repeated as new axial burnup distribution databases are created and existing databases are updated and expanded. Therefore, future work should consider alternative means of determining bounding axial burnup distributions. Recent work in this area is given in refs. 27 and 28. 
BENCHMARK EFFORTS
The Nuclear Energy Agency of the Organization for Economic Cooperation and Development (OECD/NEA) sponsors a Working Group tasked with the study of burnup credit issues. The Burnup Credit Working Group (BUCWG) defines and analyzes computational benchmarks for the purpose of international comparison of different computer code/data packages used for the study of spent fuel analysis. The broad scope of international participants includes a wide range of codes, data, and methods for each benchmark problem. To date, the BUCWG has studied a number of different configurations relevant for burnup credit in light-water reactor fuel. Each of the studies (or phases) completed to date that include axial burnup distributions are briefly summarized below:
Phase 2A 16 -Criticality calculations were performed for a 3-D infinite-array lattice of PWR pin cells. This benchmark endeavored to study the effect of an axial-burnup profile in a multidimensional model. Twenty-two cases were analyzed, with varying enrichments and Local burnups for each region were assumed by multiplying a normalized burnup distribution by the assembly-averaged power. Calculations were performed with and without the profile, to assess the magnitude of the end effect.
Results reported by the various participants agreed to within 1% ∆k. Differences in cross-section treatments were believed to account for roughly half of this variation. The following observations were noted in the results with respect to the end effect: (1) it increases with increasing burnup and cooling time; (2) it is most pronounced when fission products are present; (3) the end effect is negative for low burnup and short cooling times, but becomes positive and of greater magnitude at higher burnup and longer cooling time; (4) the crossover from negative to positive occurs around 25 GWd/MTU when fission products are present, and near 30 GWd/MTU when fission products are not modeled; and (5) the crossover from negative to positive occurs at slightly higher burnup when fuel enrichment increases.
Phase 2B
9 -Criticality calculations were performed in a conceptual spent fuel cask configuration. This phase employed the same axial models and isotopics as were used in Phase 2A, but only nine higher burnup cases were analyzed, with fuel at an enrichment of 4.5 wt %. The model consisted of a set of 21 assemblies, using axially symmetric spent fuel isotopic specifications but within an axially asymmetric cask. Poison plates were modeled between fuel assemblies.
From this study, the following observations were made: the end effect increases with increasing burnup, and, in general, the same trends observed in Phase 2A were also noted in the cask model. Table 3 shows the magnitude of the end effect for two burnups, with and without fission products present in the model. 
AREAS FOR FUTURE WORK
The recently released NRC staff guidance, which permits limited burnup credit, necessitates prompt resolution of the axial burnup distribution issue. Of interest is the establishment of a conservative, yet reasonable, and defendable methodology to account for the axial burnup end effect. Although significant effort has been spent on this topic, areas that could benefit from further attention are briefly discussed below.
BURNUP PROFILE DATABASES
Existing databases used to determine a limiting axial-burnup profile, such as that described in ref. 10 , certainly have value in defining conservative profiles. However, the referenced database is limited to older assembly designs for PWR fuel only. If bounding profiles are to be based on a survey of actual burnup profiles from a database, the existing database must be expanded to include a broader variety of fuel designs, especially some of the more recent fuel designs with higher enrichments and greater burnup. Furthermore, since control rods, partial length absorbers, and perhaps even neutron sources can have a significant effect on axial profiles, a decision must be made whether to include or exclude such designs in a database. Finally, provisions must be established to allow exclusion of profiles from a database if shapes are suspect due to known abnormal operating conditions or other considerations.
Newer PWR Fuel Designs
Although the basic shape of the axial-burnup profile is expected to remain unchanged, axial effects associated with new fuel designs must also be considered. In particular, newer fuel designs will likely employ more extensive use of integral absorbers, burnable poison rods, and axially varying enrichments. Although these newer designs may possibly have a lower associated end effect, they must be properly considered.
Address Atypical Shapes
Axial-burnup profiles may be significantly affected by a number of operating history characteristics, including the use of control rods and axial power shaping rods. As a result, the number of possible unique profiles is nearly infinite. Therefore, it is not possible to demonstrate that bounding axial profiles based on a finite number of profiles in a database will be bounding for all spent nuclear fuel assemblies. Further, it may be impractical or excessively conservative to develop artifical bounding axial profiles based on atypical shapes. Subsequently, a strategy for dealing with potentially unrepresented, atypical assemblies must be developed. One possibility might be to demonstrate, through criticality calculations, that the effect of loading one or two atypical assemblies into a cask is negligible. If this is verified to be the case, the use of bounding axial profiles based on a finite database may be justified by consideration of the expected number of atypical assemblies and the possibility of loading them in close proximity.
Previous bounding analyses 10 have excluded profiles that were considered to be inappropriate. Although this practice is generally reasonable, unambiguous provisions must be developed to address the exclusion of profiles from consideration.
BWR Profile Database
Due to reasons associated with long-term disposal and economic canister design, burnup credit for BWR spent fuel has recently gained interest. 11, 29, 30 While measured axial burnup distributions for several BWR fuel assemblies for end-of-cycle conditions are available, 31,32 a database similar to that developed for PWR fuel is needed. The fact that BWR fuel assemblies are manufactured with variable enrichments both radially and axially, are exposed to timevarying void distributions, contain integral burnable poison rods, and are subject to partial control blade insertion during operation means that BWR profiles are likely to have more variation than that observed for PWR fuels. Thus, a large database may be necessary to capture all of the important characteristics.
REGULATORY CONCERNS
To ensure criticality safety margins are maintained, the reactivity effect of the axial burnup distribution must be addressed in a comprehensive and conservative manner. This necessitates the use of a calculational approach that properly addresses all of the assemblies that are to be considered as acceptable contents in the storage/transport canister. Thus, the choice of a bounding axial profile is related to the anticipated canister contents and procedures are necessary, either through measurement or possibly stringent administrative controls, to ensure that the loaded contents are consistent with the analyses prior to loading.
Bounding Analysis
As discussed in Sect. 3.1, issues remain in the justification of employing bounding axial profiles based on a finite database of older fuel assembly designs. Although these issues may be eliminated through administrative constraints (e.g., exclusion of fuel assemblies with particular design or operating history characteristics), they must ultimately be addressed. Although detailed consideration of these issues may not be necessary in the realm of actinide-only credit, due to the known reactivity margin associated with the presence of fission products, it will become more important when credit for fission products is sought.
Loading Specifications
Ultimately, some form of limiting axial profile will be assumed, whether it is based on database analysis or theoretical derivations. However, it may remain desirable to verify at fuel loading time that the burnup profile of an assembly is bounded by the assumed profile used in safety analyses. It is possible that an adjoint analysis of a selected bounding profile may be mathematically folded with measured profiles from real assemblies to ensure that the measured profile is within the acceptance criterion set by the bounding profile. This is a conceptual approach at this time and has not yet been developed or tested for feasibility. However, given the uncertainties in axial effects and the wide variety of axial-burnup profiles in the spent fuel inventory, it may be advantageous to explore this possibility.
Poison Length/Basket Design
As discussed throughout this report, credit for fuel burnup introduces concerns that were not present in criticality safety analysis with the fresh-fuel assumption. These new concerns arise due to the reduction in reactivity margin and impact on the physical characteristics of the problem as a result of taking credit for fuel burnup. When employing the fresh-fuel assumption, the most reactive area corresponds to the axial center of the fuel. However, with credit for fuel burnup, the most reactive areas correspond to the fuel ends. The change to the physical characteristics of the problem focuses attention on the fuel ends, and subsequently has raised concerns related to the neutron absorber length. Specifically, situations in which end portions of the fuel assemblies are not separated by fixed neutron absorber panels are of concern.
Although this is also a concern with the fresh-fuel assumption, it has received additional attention in the context of burnup credit due to the reduction in reactivity margin. Nevertheless, this issue should be considered a canister-specific design safety issue and not a generic burnup credit issue. Further, where reliance on fixed neutron absorber panels is utilized, canister designs should be required to employ mechanical means, such as the use of appropriate neutron absorber panel lengths and/or rigid spacers above and/or below the fuel assemblies, to ensure fuel assemblies are separated by the neutron absorber panels over the entire axial length. Otherwise, specific analyses, which demonstrate the safety of the design, must be performed and reviewed. The canister design requirement appears to be a simpler and more easily justified approach to this problem.
CONCLUSIONS
Axial variations in flux, which are primarily due to leakage at the fuel ends, result in a non-uniform burnup distribution along the length of the fuel. Numerous studies have been performed to investigate and quantify the reactivity effect of axial burnup distributions. In general, these studies have shown that assuming a uniform axial distribution is conservative for low burnups, but becomes increasingly nonconservative as burnup increases. Thus, to ensure criticality safety margins are maintained, the reactivity effect of the axial burnup distribution must be addressed in a comprehensive and conservative manner. This report has reviewed the axial burnup distribution considerations important to burnup credit calculations for PWR fuel. Specifically, the current knowledge on the topic was summarized and areas that could benefit from further effort were identified.
